Characterization of Protein Phosphatases in Mouse Oocytes  by Smith, Gary D et al.
Characterization of Protein Phosphatases
in Mouse Oocytes1
Gary D. Smith,*,2 Annamma Sadhu,* Sonya Mathies,*
and Don P. Wolf†,‡
*Department of Obstetrics and Gynecology, The University of Chicago, Chicago, Illinois
60637; †Division of Reproductive Sciences, Oregon Regional Primate Research Center,
Beaverton, Oregon 97006; and ‡Department of Obstetrics and Gynecology and Department of
Physiology and Pharmacology, Oregon Health Sciences University, Portland, Oregon 97201
Okadaic acid (OA) enhances the resumption of meiosis in mouse oocytes, indicating that serine/threonine protein
phosphatase-1 (PP1) and/or PP2A is involved. However, specific identification of PP1 and/or PP2A in mouse oocytes has not
been reported. Here we demonstrate that fully grown germinal vesicle-intact (GVI) mouse oocytes contain mRNA
corresponding to two isotypes of PP1, PP1a and PP1g. In addition, the transcript for PP2A was also present. At the protein
level only PP1a and PP2A were recognized in fully grown GVI oocytes by Western blot analysis. Neither of the PP1g spliced
variant proteins, PP1g1 and PP1g2, was detectable. Immunohistochemical analysis of ovarian tissue from gonadotropin-
stimulated adult mice resulted in subcellular localization of both PP1a and PP2A, but not PP1g, in oocytes from all stages
of folliculogenesis. In primordial oocytes, PP1a and PP2A were present in the cytoplasm. In more advanced stages of
oogenesis, PP1a, although still present in the cytoplasm, was highly concentrated in the nucleus, whereas PP2A was
predominantly cytoplasmic with a distinct reduction in the nuclear area. Both PP1a and PP2A were immunodetectable in
oocytes during the prepubertal period. Eleven-day-old mouse oocytes, considered OA-insensitive and germinal vesicle
breakdown (GVB)-incompetent, displayed both PP1a and PP2A predominantly in the cytoplasm. By 15 days of age mouse
oocytes, which are beginning to acquire OA sensitivity and GVB competence, showed a relocation of PP1a into the
nucleoplasm while PP2A remained predominantly cytoplasmic. This is the first specific identification of PP1a and PP2A in
mouse oocytes. The differential localization of PP1a and PP2A, in addition to the relocation of PP1a during the acquisition
of meiotic competence, suggests that these PPs have distinct regulatory roles during the resumption of
meiosis. © 1998 Academic Press
INTRODUCTION
Around the time of birth, mitotically proliferative mam-
malian oocytes enter prophase of meiosis I and remain
arrested in this late G2 phase of the cell cycle until just
prior to ovulation, when meiosis is reinitiated. During this
nuclear maturation arrest, oocytes grow from approxi-
mately 20 to 80 mm in diameter. Resumption of meiosis and
entrance into the M phase is morphologically identified by
germinal vesicle breakdown (GVB). Pincus and Enzmann
(1935) reported that removal of oocytes from antral follicles
resulted in spontaneous meiotic maturation. These oocytes
are termed GVB-competent. Conversely, growing oocytes
from preantral follicles that do not resume meiosis imme-
diately following release from follicles are termed GVB-
incompetent (Eppig, 1993). Germinal vesicle breakdown-
competent and -incompetent oocytes display divergence in
overall protein synthesis (Schultz and Wassarman, 1977),
expression of specific transcripts and proteins (Chesnel and
Eppig, 1995; Harrouk and Clarke, 1996; Mitra and Schultz,
1996), and sensitivity to GVB stimulators such as okadaic
acid (OA) (Gavin et al., 1991; Hampl and Eppig, 1995). The
mechanism controlling the acquisition of meiotic compe-
tence is poorly understood; however, factors such as oocyte
diameter (Sorrensen and Wassarman, 1976) and/or the oo-
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cyte’s intrinsic autonomous differentiative program (Van
Blerkom, 1981) have been suggested as dependent variables.
Phosphorylation–dephosphorylation events are critical in
the resumption of meiosis (Bornslaeger et al., 1988). The
transition from GV-intact (GVI) to metaphase II (MII) in-
cludes phosphorylation of: (1) nuclear lamins, leading to
breakdown of the nuclear envelope (Nigg, 1989); (2) nucleo-
lar proteins, with concomitant dissolution of the nucleolus
(Peter et al., 1990); (3) histones, resulting in condensation of
chromosomes (Bradbury et al., 1974); and (4) centrosomes
and microtubules, leading to meiotic spindle assembly
(Wickramasinghe and Albertini, 1992). These phosphoryla-
tion events are regulated, in part, by M-phase-promoting
factor (MPF) and/or microtubule-associated protein kinase
(Hashimoto and Kishimoto, 1988; Naito and Toyoda, 1991;
Chesnel and Eppig, 1995).
Serine/threonine protein phosphatases (PPs), which hy-
drolyze and remove phosphate groups from phosphopro-
teins and thus antagonize protein kinase phosphorylation,
have also been implicated in regulating oocyte meiosis
(Rime and Ozon, 1990; Gavin et al., 1991; Schwartz and
Schultz, 1991; Hampl and Eppig, 1995). Classification of
serine/threonine PPs is based on substrate specificity and
sensitivity to a defined set of inhibitors and activators
(Cohen, 1989); four types of protein phosphatases exist:
PP1, PP2A, PP2B, and PP2C. An important discovery in
phosphatase research was the identification of the poly-
ether monocarboxylic acid OA, which originates from
dinoflagellates and is a specific inhibitor of PP1 and PP2A
(Bialojan and Takai, 1988; Cohen, 1989). PP1 and PP2A
activities are extremely sensitive to OA inhibition, display-
ing IC50 values of ;10.0 and ;0.1 nM, respectively. In
comparison, PP2B is only slightly sensitive to OA inhibi-
tion (IC50 ;5mM) and PP2C is essentially insensitive to OA
(Ishihara, 1989; Cohen et al., 1990). In addition, there are at
least five isotypes of the catalytic subunit of PP1 which
originate from four genes designated PP1Ca, PP1Cb, PP1Cd,
and PP1Cg (Mumby and Walter, 1993, and references
therein). Two spliced variants of PP1Cg, PP1Cg1 and
PP1Cg2, which differ by ;2 kDa due to the extended
carboxyl terminus of PP1Cg2, have been described (Sasaki et
al., 1990; da Cruz e Silva et al., 1995). Of these PP1C
isotypes, PP1Cb and PP1Cd are the least characterized.
Okadaic acid stimulates GVB in starfish (Pondaven and
Cohen, 1987), Xenopus (Goris et al., 1989), mouse (Alexan-
dre et al., 1991; Gavin et al., 1991; Schwartz and Schultz,
1991), bovine (Levesque and Sirard, 1995), and macaque
(Smith et al., 1998) oocytes. Microinjection of 0.25 mM OA
into Xenopus (Goris et al., 1989) and mouse (Rime and
Ozon, 1990) oocytes causes increased MPF activity in the
absence of protein synthesis and independent of cAMP-
dependent protein kinase activity. Concentrations of OA,
either microinjected or used in culture, as described above,
suggest that PP1 and/or PP2A is involved in the G2/M
cell-cycle transition. However, there are currently no re-
ports directly identifying either PP1 or PP2A in mouse
oocytes.
We report here that mouse GVB-competent oocytes con-
tain PP1a, PP1g and PP2A transcripts and that oocyte PP1a,
PP1g, and PP2A cDNAs display absolute or high similarity
to previously published mouse and rat PP cDNAs. At the
protein level, mouse GVB-competent oocytes contained
PP1a and PP2A; however, PP1g was undetectable. Immuno-
histochemical localization revealed that in growing and
fully grown oocytes of adult mice, PP1a was present in the
cytoplasm and highly concentrated in the nucleus, whereas
PP2A was present in the cytoplasm with reduced signal in
the nuclear area. In agreement with Western blot analysis,
mouse oocytes did not contain immunorecognizable PP1g.
Finally, immunodetectable PP1a displayed a relocation
from the cytoplasm into the nucleus during oogenesis and
in concert with an increased presence of GVB-competent
oocytes within the ovary. No such relocation was apparent
with respect to immunodetectable PP2A.
MATERIALS AND METHODS
Collection of Mouse Ovaries and Oocytes
Ovaries were obtained from CF-1 female mice on day 11, 15, or
17 (day 0 was the day of birth) without hormonal stimulation or
from adults primed with pregnant mare’s serum gonadotropin
(PMSG). For immunohistochemical studies, ovaries were fixed in
4% paraformaldehyde (prepared fresh daily), rinsed in PBS, and
embedded in paraffin. Fully grown GVB-competent oocytes from
PMSG-primed adult ovaries were isolated by manual rupturing of
antral follicles into modified Human Tubal Fluid medium (Quinn
et al., 1985; HTF-Hepes 1 0.3% polyvinylpyrrolidone; Sigma
Chemical Co., St. Louis, MO) containing 0.2 mM isobutylmethyl-
xanthine (IBMX). GVI oocytes were completely freed of attached
cumulus cells in modified HTF containing IBMX by manual
pipetting with a hand-pulled borosilicate pipette. Cumulus-free
fully grown GVI oocytes were frozen in liquid nitrogen and stored
at 280°C until RNA and protein extracts were prepared.
Oocyte RNA Isolation and RT-PCR
Eighty to one hundred oocytes were thawed in 20.0 IU RNasin
(Promega, Madison, WI ), pooled, and lysed with five freeze/thaw
cycles in liquid nitrogen. Total RNA was isolated as previously
described (Heikinheimo et al., 1995). Briefly, glycogen and protein-
ase K were added at 33 mg/ml in 0.2 M Tris–HCl (pH 8.0), 2.5 mM
EDTA, 0.3 M NaCl, and 2% SDS followed by incubation for 1 h at
37°C. Nucleic acids were extracted with phenol/chloroform/
isoamyl alcohol and precipitated with 0.3 M NaOAc and 2.5 vol of
100% EtOH. Pellets were resuspended in 10.0 mM Tris–HCl (pH
8.0), 10.0 mM NaCl, 10.0 mM MgCl2, 10.0 mM dithiothreitol
before DNA was digested with 1.0 IU RQ1 RNase-free DNase I in
the presence of 40.0 IU RNasin. The resulting RNA was extracted,
precipitated, washed with 70% EtOH, air dried, resuspended in
10.0 Tris–HCl (pH 8.0), 10.0 mM NaCl, and 1.0 mM EDTA, and
stored at 280°C until reverse transcription was performed.
Complementary DNA was synthesized using the Superscript Pre-
amplification System for First Strand cDNA Synthesis reagents and
methodology (Gibco BRL, Gaithersburg, MD).
Sequences of rat brain PP1a, mouse brain PP1g, and rat liver
PP2A were compared to identify unique PP sequences for use as
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PCR primers. For PP1a, PP1g, and PP2A PCR the sense and
antisense primers were designed to amplify size-discernible prod-
ucts with distinct restriction endonuclease digestion sites (Table
1). For each PP, PCR was performed with five oocyte equivalents of
cDNA, 20 pmol of each primer, and PCR cocktail [0.4 mM each
dNTP, 2.0 mM MgCl2, 10.0 mM Tris–HCl (pH 8.3), 50.0 mM KCl,
and 2.0 IU of Taq DNA polymerase (Perkin–Elmer, Foster City,
CA)]. In addition, control reactions consisting of (1) no template
with primers and cocktail, (2) no primers with cDNA template and
cocktail, (3) no template or primer with cocktail, and (4) total RNA
as template (equivalent to 5 oocytes) with primers and cocktail
were conducted. PCR entailed 1 cycle for 2 min at 94°C; 35 cycles
of 94°C for 1 min, 55°C (PP1a) or 61°C (PP1g) or 63°C (PP2A) for 1
min, 72°C for 1 min; and 1 cycle at 72°C for 2 min.
PCR products were separated on 2.0% low-melting agarose gels
(Sigma) with amplified product isolation from gel slabs by melting
of the agarose at 70°C, cooling to 37°C, and overnight digestion
with Agarace (Promega). Amplified products were extracted, pre-
cipitated, and washed as previously described with dried pellets
resuspended in 10.0 mM Tris–HCl, pH 8.0; 1.0 mM EDTA. Por-
tions of the amplified products were digested at 25 or 37°C for 2 h
with SmaI (PP1a) or with BglII (PP1g) or EcoRV (PP2A), respec-
tively. Undigested and digested PCR products, as well as PCR
controls, were separated using 8% polyacrylamide gel electro-
phoresis and visualized with ethidium bromide staining. In addi-
tion, purified PCR products were sequenced by cycle sequencing
(ABI Prism, Perkin–Elmer) followed with product analysis using a
Applied Biosystems Model 373A DNA Sequencer (graciously per-
formed by the Howard Hughes DNA Sequencing Core Facility, The
University of Chicago). Sequences obtained were compared with
existing sequences in GenBank with the use of BLAST via the
Internet.
Electrophoresis and Western Blot Analysis
Frozen cumulus cell-free, fully grown GVI oocytes were thawed
in triple detergent lysis buffer (50 mM Tris–HCl [pH 8.0], 150 mM
NaCl, 0.02% NaN3, 0.1% SDS, 0.6 mM PMSF, 1mg/ml aprotinin,
leupeptin, and N-tosyl-L-phenylalanine chloromethyl ketone, 1.0%
NP-40; 0.5% sodium deoxycholate), vortexed, and placed on ice for
15 min. Following centrifugation at 12,000g, 4°C for 10 min, a
small portion of the supernatant was assessed for protein content
(Bradford, 1970). SDS–PAGE sample buffer was added (15.6 mM
Tris–HCl [pH 6.8], 5.0% glycerol, 0.5% SDS, 360 mM
b-mercaptoethanol, and bromophenol blue) to the remainder of the
supernatant and samples were boiled for 5 min and centrifuged and
supernatants were stored at 220°C until electrophoresis was per-
formed.
Five micrograms of mouse heart, monkey sperm, or mouse
oocyte total protein was added per lane and separated by one-
dimensional SDS–PAGE (Laemmli, 1970). Resolving gels were cast
using 12% acrylamide; stacking gels contained 4% acrylamide.
Gels were equilibrated in 25 mM Tris, 192 mM glycine, and 20%
methanol for 15 min before protein electrophoretic transfer to
nitrocellulose in the same buffer. Blots were blocked with 5%
nonfat dry milk in 20 mM Tris–HCl (pH 7.5), 0.1% Tween 20, 137
mM NaCl, and 0.02% NaN3 (TTBS; ingredients from Sigma) for 1 h
and washed three times for 10 min in TTBS. Blots were incubated
with anti-PP1a (diluted 1:2000; Upstate Biotechnology, Lake
Placid, NY), anti-PP1g1 (RU31; diluted 1:10000), anti-PP1g2 (G502;
diluted 1:50000; RU31 and G502 kindly provided by Dr. Greengard,
The Rockefeller University, New York, NY), or anti-PP2A (diluted
1:2000; Upstate Biotechnology) antibodies in TTBS plus 0.1% BSA
for 1 h. In some experiments anti-PP1a and anti-PP2A antibodies
were incubated with their immunogenic peptides (Upstate Biotech-
nology) prior to blot incubations. Blots were washed three times in
TTBS, incubated with biotinylated anti-rabbit IgG (Vector Labora-
tories Inc. Burlingame, CA) for 30 min, washed twice in TTBS, and
developed with avidin–biotin peroxidase (ABC; Vector Laborato-
ries) in combination with chemiluminescence detection (Amer-
sham, Arlington Heights, IL) according to the manufacturer’s
instructions.
Immunohistochemistry (IHC)
Fixed, paraffin-embedded ovaries were sectioned at 5-mm inter-
vals and placed on Superfrost-Plus slides (Fisher Scientific, Itasca,
IL), deparaffinized, placed in 100 mM Glycine buffer (pH 3.65), and
microwaved for 10 min for antigen retrieval (Shi et al., 1995). To
reduce background signal, samples were placed in Tris-buffered
saline (TBS; 50 mM Tris, pH 7.6, 150 mM NaCl) containing 5.0%
dimethyl sulfoxide and 0.2% Tween 20 for 10 min, rinsed in TBS,
incubated for 10 min in TBS containing 0.3% BSA, 1 mg/ml sodium
azide, and 1.6% normal goat serum (Vector Laboratories). In
addition, endogenous avidin and biotin were neutralized with an
avidin/biotin blocking kit (Vector Laboratories). Slides were rinsed
and incubated overnight with anti-PP1a (diluted 1:500), anti-PP1g1
(diluted 1:150), or anti-PP2A (diluted 1:1000) antibodies at room
TABLE 1
Primers Utilized for Polymerase Chain Reactions for Okadaic Acid-Sensitive Protein Phosphatases in Mouse Oocytes
Protein
phosphatase Primersa (sense and antisense)
Anticipated
amplified
product (bp)
Anticipated
restriction enzyme
digest products (bp)
PP1a 59 CAGCGAGAAGCTCAACCTGGATTC 39
59 CATAGAAGCCATAGATGCGG 39
404 285 6 119 (SmaI)
PP1g 59 TATCGACAAACTCAACATCGACAG 39
59 CGTATTCAAACAGACGGAGCAAA 39
227 123 6 104 (BgIII)
PP2A 59 GACACACTGGATCACATCCGAGC 39
59 CGAGGTGCTGGATCGAACTGCAAG 39
359 110 6 249 (EcoRV)
a Sequence derivation: PP1a (dbj|D00859|RATPP1ACS), PP1g (gb|U53456|MMU53456), PP2A (emb|X14159|RN2APHOS) in Genbank.
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temperature in a humidified chamber; slides were then rinsed,
washed (TBS 1 0.05% Tween 20), rinsed again, and incubated with
the appropriate biotinylated secondary antibody for 30 min at room
temperature. After secondary antibody exposure, slides were
quenched in 3.0% H2O2 in 90% methanol for 30 min and then
rinsed and incubated for 30 min in avidin/biotin conjugated to
peroxidase (Vector Laboratories). After several rinses, sections were
exposed to 0.025% 3,39-diaminobenzidine (Dojindo Labs–Wako
Chemical, Richmond, VA), rinsed, counterstained with Mayer’s
hematoxylin (Sigma), dehydrated by three changes of ethanol, then
three changes of xylene, and mounted. Positive controls consisted
of mouse liver and heart. Negative controls included (1) elimina-
tion of the primary antibody (not shown) and (2) nonimmune rabbit
serum in place of the primary antibody.
Ratios of nuclear to cytoplasmic staining intensities for PP1a and
PP2A were quantified using an Axioskop microscope (31000; Carl
Zeiss, Inc., U.S.A., Thornwood, NY), image acquisition with a
MicroLumina single-pass digital camera (Leaf Systems, Inc., West-
borough, MA), and computerized densitometry (NIH Image; Na-
tional Information Service, Springfield, VA). Briefly, oocyte micro-
graphs had hematoxylin staining digitally removed prior to
conversion to gray scale (Adobe Photoshop; Adobe Systems, Inc.,
Mountain View, CA). Regions of interest containing 80–90% of
either cytoplasm or nucleus were used to calculate mean pixel
intensity of PP1a or PP2A staining within the cytoplasm and
nucleus. Differences in nuclear to cytoplasmic staining intensity
ratios of PP1a compared to PP2A were evaluated for statistical
significance using Student’s unpaired t test. Differences were
considered statistically significant at P , 0.05.
RESULTS
PP1 and PP2A Transcripts in GVB-Competent
Oocytes
RT-PCR experiments were conducted to elucidate which
PP transcripts were detectable in fully grown, GVI oocytes.
Primers specific for rat brain PP1a amplified an approxi-
mately 404-bp product from mouse oocyte cDNA (Fig. 1A,
lane F). This product contained the anticipated restriction
enzyme site that upon SmaI digestion produced cleavage
FIG. 1. Identification of mouse oocyte PP1a mRNA by RT-PCR/polyacrylamide gel electrophoresis and cDNA sequencing. (A) PAGE of
PCR-amplified products of fully grown GVI oocyte cDNA using primers designed from rat brain PP1a. Lanes A—PCR markers; B—primers,
no cDNA; C—cDNA, no primers; D—no cDNA, no primers; E—total RNA and primers; F—mouse oocyte cDNA and primers; G—mouse
oocyte cDNA and primers followed by SmaI digest; H—100-bp DNA ladder. (B) Sequence of mouse oocyte PP1a PCR-amplified product,
which displayed 97% similarity to rat brain PP1a. Shadowed nucleotides are dissimilar to rat brain PP1a.
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fragments of approximately 285 and 119 bp (Fig. 1A, lane
G). No amplified signals were detectable in control reac-
tions (Fig. 1A, lanes A–E). Although there is no record of the
mouse PP1a sequence, the sequenced mouse oocyte PCR-
amplified product displayed 97% similarity to rat brain
PP1a (Fig. 1B). Considering the amino acid sequence, 10 of
the 11 nucleotide differences between the existing rat and
this mouse sequence were synonymous. One difference
resulted in a highly conserved change of Lys (AAA; rat) to
Arg (AGA; mouse 325). The mouse oocyte cDNA produced
by RT-PCR with primers specific for mouse brain PP1g
yielded an approximately 227-bp product (Fig. 2A, lane F)
that contained an anticipated BglII digestion site (Fig. 2A,
lane G). Control PCR showed no reagent contamination
(Fig. 2A, lanes A–E). The sequence of this product displayed
100% similarity to mouse brain PP1g (Fig. 2B). Similarly,
when primers designed from rat liver PP2A were employed
with mouse oocyte cDNA as a template, the amplification
of an approximately 359-bp fragment was detected (Fig. 3A,
lane F). This product contained an internal EcoRV cleavage
site that, upon endonuclease digestion, resulted in products
of approximately 249 and 110 bp (Fig. 3A, lane G). The
sequence of this mouse oocyte-amplified product displayed
100% similarity to mouse brain PP2A (Fig. 3B). Thus, fully
grown GVI oocytes from the mouse contain mRNA for
PP1a, PP1g, and PP2A.
PP1a and PP2A Proteins in Adult Mouse Oocytes
In order to determine if mouse oocytes contain the
protein products of the identified transcripts, Western blot
analysis of fully grown, GVI oocytes was conducted. Pri-
mary antibodies against PP1a and PP2A revealed the pres-
ence of 37- and 36-kDa proteins, respectively (Figs. 4A and
4B). PP1a and PP2A were also recognized in the positive
control tissue, mouse heart (not shown), at their known
molecular masses. The specificity of these antibodies for
PP1a and PP2A was demonstrated in both control tissue
(not shown) and oocytes (Figs. 4A and 4B) by preabsorption
of antibody solutions with their antigenic peptides. The
production and specificity of PP1g1 and PP1g2 antibodies
have been reported previously (da Cruz e Silva and Green-
gard, 1995; Smith et al., 1996); PP1g2 is identical to PP1g1
with the addition of an extended C-terminus. Thus, the
antibody directed against PP1g1 recognizes both PP1g1 and
PP1g2, whereas the antibody against PP1g2 recognizes only
FIG. 2. Identification of mouse oocyte PP1g mRNA by RT-PCR/polyacrylamide gel electrophoresis and cDNA sequencing. (A) PAGE of
PCR-amplified products of fully grown GVI oocyte cDNA using primers designed from mouse brain PP1g. Lanes A—PCR markers;
B—primers, no cDNA; C—cDNA, no primers; D—no cDNA, no primers; E—total RNA and primers; F—mouse oocyte cDNA and primers;
G—mouse oocyte cDNA and primers followed by BglII digest; H—100-bp DNA ladder. (B) Sequence of mouse oocyte PP1g PCR-amplified
product, which displayed 100% similarity to mouse brain PP1g.
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PP1g2. As predicted, both PP1g1 and PP1g2 antibodies rec-
ognized PP1g2 at 39 kDa in monkey sperm (Fig. 4C; Smith
et al., 1996). However, the anti-PP1g1 antibody did not
recognize either PP1g1 (37 kDa) or PP1g2 (39 kDa) in mouse
oocytes, indicating that the protein product of the PP1g
transcript is either absent or present at levels below the
sensitivity of Western blot detection (Fig. 4C).
When immunolocalization studies were conducted and
primary antibodies were replaced with nonimmune rabbit
serum, mouse heart, liver, ovary, and oocytes did not
display significant background staining (Fig. 5, inset). In the
adult, PMSG-stimulated ovary, PP1a was immunodetect-
able in oocytes from follicles of all stages of folliculogenesis
(Figs. 5A2–5A7). In primordial follicles (Fig. 5A2), PP1a
staining was concentrated in the oocyte cytoplasm. In
contrast, although present in the cytoplasm of oocytes from
primary follicles, PP1a was more prevalent in the nucleus
(Fig. 5A3). This pattern of oocyte PP1a nuclear staining was
also conserved in follicles at more advanced stages of
folliculogenesis (Figs. 5A4–5A7). Furthermore, when tissue
sections included the nucleolus, PP1a staining was concen-
trated around, but not within, the nucleolus (Figs. 5A5–
5A7). When PP1g1 antibody was used for IHC analysis,
specific staining was observed in both mouse liver (Fig. 5B1)
and mouse heart (not shown) controls. However, similar to
the results obtained from Western blot analysis, oocytes in
primordial through antral follicles did not contain immu-
norecognizable PP1g1 or PP1g2 (Figs. 5B2–5B7).
PP2A was also immunodetected in oocytes at all stages
of folliculogenesis within the ovary of PMSG-stimulated
adult mice (Figs. 5C2–5C7). Oocytes within primordial
follicles displayed PP2A staining in the cytoplasm (Fig.
5C2). This predominant cytoplasmic PP2A localization,
with a reduction in the nucleus, was also seen during
later stages of folliculogenesis (Figs. 5C3–5C7). When the
ratios of nuclear to cytoplasmic staining intensities for
PP1a and PP2A were quantitated, oocytes from adult
ovaries contained significantly greater (P , 0.001)
nuclear to cytoplasmic staining intensity for PP1a com-
pared to PP2A (Fig. 6). Therefore, PP1a and PP2A are
present in the growing and fully grown mouse oocyte and
display a differential intracellular localization during all
FIG. 3. Identification of mouse oocyte PP2A mRNA by RT-PCR/polyacrylamide gel electrophoresis and cDNA sequencing. (A) PAGE of
PCR-amplified products of fully grown GVI oocyte cDNA using primers designed from mouse brain PP2A. Lanes A—PCR markers;
B—primers, no cDNA; C—cDNA, no primers; D—no cDNA, no primers; E—total RNA and primers; F—mouse oocyte cDNA and primers;
G—mouse oocyte cDNA and primers followed by EcoRV digest; H—100-bp DNA ladder. (B) Sequence of mouse oocyte PP2A
PCR-amplified product, which displayed 100% similarity to mouse brain PP2A.
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stages of folliculogenesis beyond the primordial follicle
stage in gonadotropin-stimulated mice.
Oocyte Intracellular PP1a Relocation during
Acquisition of Meiotic Competence in the
Prepubertal Mouse
Recently, Mitra and Schultz (1996) reported that cdc2 and
cyclin B1, the components of MPF, translocate from the
cytoplasm to the nucleoplasm during the acquisition of
meiotic competence. In somatic cells, PPs migrate from the
cytoplasm to the nucleoplasm during the mitotic cell cycle
(Dohadwala et al., 1994) and during changes in cell function
(Omay et al., 1995). Therefore experiments were conducted
here to determine if the intracellular localization of PP1a
and/or PP2A was related to the stage of oogenesis and
meiotic competence. Ovaries from 11-day-old mice con-
tained GVB-incompetent oocytes with immunodetectable
PP1a, predominantly localized in the cytoplasm with very
little staining in the nucleoplasm (Fig. 7). At 15 days of age,
which corresponds to the appearance of a few GVB-
competent oocytes (Schultz and Wassarman, 1977), oocytes
began to display concentrated PP1a staining throughout the
nucleoplasm (Fig. 7). This concentrated nuclear PP1a stain-
ing was also present within oocytes of 17-day-old mice (Fig.
7), which was similar to the pattern demonstrated in adult
ovarian oocytes. PP2A, unlike PP1a, did not undergo intra-
cellular relocation during the sampling period between days
11 and 17 of age; staining was cytoplasmic with a marked
reduction in the nucleoplasm (Fig. 7). Therefore, although
both PP1a and PP2A are present in GVB-competent and
-incompetent oocytes, only PP1a displays intracellular re-
location from the cytoplasm to the nucleoplasm during the
acquisition of meiotic competence.
DISCUSSION
The regulation of oocyte meiotic resumption involves
multiple phosphorylation and dephosphorylation events.
Although much research has focused on identification of
specific protein kinases involved in oocyte meiosis, their
counterparts, PPs, have received significantly less atten-
tion. Indeed while PP-inhibitor (OA) treatment provides
indirect evidence for PP involvement in oocyte meiosis, the
presence of PP1 and/or PP2A in the mouse oocyte has not
been demonstrated previously. Here we report that mouse
oocytes contain PP1a, PP1g, and PP2A transcripts and that
PP1a and PP2A proteins are detectable. We have demon-
strated oocyte intracellular localization of PP1a and PP2A
to be predominantly nuclear and cytoplasmic, respectively.
In addition, for the first time we have documented that
PP1a undergoes an intracellular relocation from cytoplasm
to nucleoplasm during oogenesis in concert with the age-
related acquisition of meiotic competence in the prepuber-
tal mouse. These data extend our current understanding of
the possible roles of PPs during the G2/M cell-cycle transi-
tion during oocyte meiotic resumption.
During oogenesis, oocytes acquire surplus mRNAs that
are not necessarily translated but are important during
initial stages of embryogenesis prior to the maternal to
zygotic genome switch (Bachvarova, 1985), e.g., plasmino-
gen activator (Huarte et al., 1987). The absence of a trans-
lational product of PP1g mRNA in the oocyte is intriguing
when one considers its abundance in mammalian sperm
(Smith et al., 1996; Vijayaraghavan et al., 1996). The major-
ity of this PP1g activity in mammalian sperm is particulate-
free, whereas in striated muscle and hepatocytes 70% of
PP1 activity is particle-bound (Ingebritsen et al., 1983;
Alemany et al., 1986). Given that oocytes do not contain
PP1g it will be interesting to investigate what influence
sperm-introduced PP1g has on the process of oocyte activa-
tion.
Four gene products of PP1 corresponding to the catalytic
subunits, PP1a (Sasaki et al., 1990), PP1b (Dombradi et al.,
1990), PP1d (Shimizu et al., 1994), and PP1g (da Cruz e Silva
et al., 1995) have been identified. The PP1g gene yields
alternatively spliced forms termed PP1g1 and PP1g2 (Sasaki
et al., 1990). These catalytic subunits are predominantly
coupled with accessory subunits which are important in
regulating intracellular PP1 targeting and catalytic activity
(Mumby and Walters, 1993). For example, PP1 catalytic
subunits can couple with the accessory subunit RG, which
binds to glycogen, or RM, which binds with myosin, giving
rise to the holoenzymes PP1G and PP1M, respectively
(Sellers and Pato, 1984; Stralfors et al., 1985). However,
FIG. 4. Immunoblot analysis of PP1a (A), PP2A (B), and PP1g (C) in
fully grown GVI mouse oocytes. Approximately 5 mg of mouse
heart (PP1a and PP2A positive control, not shown), monkey sperm
(PP1g positive control), or cumulus cell-free oocyte total protein
was loaded per lane. Antibodies against PP1a and PP2A recognized
proteins of 37 and 36 kDa, respectively, in both mouse heart (not
shown) and mouse oocytes. Specificity of PP1a and PP2A antibod-
ies for their respective 37- and 36-kDa proteins was demonstrated
by antigenic peptide antibody preabsorption. Antibodies which
recognized PP1g1 and PP1g2 isoforms reacted with PP1g2 in monkey
sperm at 39 kDa; however, neither PP1g1 or PP1g2 was immuno-
detectable in mouse oocytes.
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when considering the cytoplasmic and nuclear localization
of PP1a in the mammalian oocyte, the regulatory inhibitor
1 (I1), regulatory inhibitor 2 (I2), and nuclear inhibitor of
PP1 (NIPP-1) might be of greater relevance. The heat- and
acid-stable inhibitors I1 and I2 specifically inhibit cytoplas-
mic PP1 albeit by different mechanisms. In order for I1 to
inhibit PP1, phosphorylation of I1 by protein kinase A must
occur (Nimmo and Cohen, 1978). Once phosphorylated, I1
couples with PP1 and retains inhibitory activity with a t1/2
of 30 min (Cohen, 1989). Conversely, the cytoplasmic
presence of I2 in a nonphosphorylated state is sufficient to
cause inactivation of PP1 (Cohen, 1989). Renewal of PP1
activity from the PP1–I2 complex requires phosphorylation
of I2 by the enzyme glycogen synthase kinase-3 (Merlevede
and Riley, 1966). I2 activity has been reported in inverte-
brate oocytes (Pondaven and Cohen; 1987); however, its
presence in mammalian oocytes remains to be elucidated.
Recently, a set of nuclear inhibitors of PP1, NIPP-1a, and
NIPP-1b were characterized in calf thymus (Beullens et al.,
1993) and rat liver (Zhao et al., 1996). Phosphorylation of
NIPP-1 by protein kinase A and/or casein kinase 2 resulted
in a dramatic decrease in affinity for PP1 (Beullens et al.,
1993; Van Eynde et al., 1994), thus yielding increased
nuclear phosphatase activity. Similar intracellular regula-
tory mechanisms may be present in the oocyte serving as
links between extracellular signals and/or other intracellu-
lar second messenger systems and PP1a activity during
resumption of meiosis.
The immunolocalization of PP1a in the oocyte nucleus
provides insight into the involvement of OA-sensitive PPs
during the meiotic G2/M stage transition. Previously, treat-
ment of mouse oocytes with OA was shown to stimulate
GVB and activate MPF kinase activity in the presence of
dbc-AMP (Rimes and Ozon, 1990). It was concluded that
the OA-sensitive PP acts downstream of the cAMP-
dependent inhibitory step, as reported in Xenopus oocytes
(Rime et al., 1990). The recent report of MPF in the nucleus
of GVB-competent oocytes (Mitra and Schultz, 1996), in
conjunction with the presence of PP1a in the nucleus,
provides evidence for a nonexclusive alternative. During
GVB a net phosphorylation of nuclear lamins occurs fol-
lowed by disassembly of the nuclear envelope matrix (Peter
et al., 1990). If we presume that nuclear MPF (Mitra and
Schultz, 1996) is active in GVB-competent oocytes, the
question arises as to what maintains the overall dephospho-
rylated state of nuclear lamins and nuclear membrane
integrity. One explanation could involve nuclear MPF and
PP1a acting antagonistically in the regulation of specific
phosphoacceptor sites on nuclear lamins. Therefore, the
FIG. 5. Representative localization of PP1a (A1–A7), PP1g (B1–B7), and PP2A (C1–C7) by immunohistochemistry in mouse heart and liver
(row 1) and oocytes (rows 2–7). Tissues were fixed, paraffin embedded, and exposed to microwave antigen retrieval prior to incubation with
primary antibodies or nonimmune rabbit serum (insets) followed by biotinylated secondary antibody and colorimetric evaluation with
avidin–biotin–peroxidase and 3,39-diaminobenzidine. Slides were then counterstained with hematoxylin. PP1a was predominantly
cytoplasmic in primordial follicle oocytes (A2). PP1a staining was more intense in the nucleus compared to the cytoplasm of oocytes from
primary (A3), secondary (A4), preantral (A5), and antral (A6 and A7) follicles. Note the reduced PP1a staining in the nucleolus (A5–A7). PP1g
was not present in the cytoplasm or nucleus of oocytes at any stage of folliculogenesis in the adult PMSG-stimulated mouse ovary (B2–B7).
Oocyte PP2A localization was cytoplasmic and markedly reduced in the nucleus at all stages of folliculogenesis (C2–C7). N—nucleus;
n—nucleolus; Antr—antrum. Optical magnifications: 31000 except that B5, A6, B6, and C6 are 3400. Scale bars are approximately 20 mm.
FIG. 6. Mouse oocyte nuclear to cytoplasmic staining intensity
ratios (arbitrary units) for PP1a (n 5 15) and PP2A (n 5 13).
Immunohistochemically stained oocytes within primary to antral
follicles from PMSG-stimulated adult mice were assessed micro-
scopically at 31000 with images digitally captured with a Leaf
Camera onto a Power Macintosh 9600/200 using OPENLAB’s
image acquisition software. Following digital removal of oocyte
hematoxylin staining, images were converted to gray scale. Aver-
age pixel intensities in 80–90% of the nucleus and cytoplasm were
calculated independently using NIH Image. Thus, nuclear to cyto-
plasmic staining intensity ratios 5 average pixel intensity in the
nucleus/average pixel intensity in the cytoplasm. Columns repre-
sent means 6 SEM. Differences in nuclear to cytoplasmic staining
intensity ratios for PP1a compared to PP2A were statistically
evaluated using Student’s unpaired t test. Columns with similar
symbols are significantly different (P , 0.001).
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phosphorylated state of nuclear lamins would depend on a
balance in MPF and PP1a activity. The recent report by de
Vante´ry et al. (1996) that OA bypasses the threshold level
requirement of p34cdc2 necessary for spontaneous meiotic
resumption would support such a hypothesis. This scenario
of counteracting nuclear MPF and PP1a regulation of
nuclear protein net phosphorylation could explain OA’s
stimulatory influence on GVB in GVB-competent (Gavin et
al., 1990; Rime and Ozon, 1990) and GVB-incompetent
oocytes (Chesnel and Eppig, 1995; de Vante´ry et al., 1996),
and merits further investigation.
This is the first report describing relocation of PP1 from
cytoplasm to nucleoplasm in the oocyte. Embryonic fibro-
blasts display a similar PP1 relocation from cytoplasm to
the nucleus in the late G2/M stage of mitosis (Fernandez et
al., 1992). Although proteins the size of PP1a (;37 kDa) can
diffuse freely into the nucleus, the trigger which stimulates
PP1a relocation and the mechanism which retains PP1
within the nucleus is unknown. It has been speculated that
the relocation mechanism could involve reversible phos-
phorylation of PP1 by a cell cycle-dependent kinase (Fer-
nandez et al., 1992). Recently, Dohadwala et al. (1994)
demonstrated that PP1a can be phosphorylated at Thr-320
by cyclin-dependent kinases. Whether this cyclin-
dependent phosphorylation of PP1 influences intracellular
trafficking remains to be determined. The lack of PP1a in
the oocyte nucleus at 11 days of age, when the large
majority of oocytes are GVB-incompetent (Schultz and
Wassarman, 1977) and oocytes are relatively OA-
insensitive (Gavin et al., 1991), may suggest a role for
nuclear PP1a in the acquisition of meiotic competence as
well as in the actual regulation of nuclear events such as
FIG. 7. Representative immunohistochemical localization of PP1a and PP2A in mouse oocytes during prepubertal ovarian development
and the age-related acquisition of meiotic competence. Nonimmune rabbit serum replacing the primary antibody displayed very little
background staining. Oocyte PP1a was detectable in the cytoplasm at 11 days of age, when the large majority of oocytes are
GVB-incompetent. By 15 days of age, when mouse oocytes begin to acquire GVB competence, PP1a was predominantly nuclear. This
nuclear predominance of PP1a was also evident on day 17 and in adult ovaries (Fig. 5.). Note the nucleolar rimming of PP1a stain and
reduced staining in the nucleolus. On all days specific PP2A staining was predominantly cytoplasmic and reduced in the nuclear area. In
contrast to oocyte PP1a, PP2A did not display intracellular location alterations with respect to age-related acquisition of meiotic
competence. N—nucleus; n—nucleolus. Optical magnifications are either 3400 (NIRS day 15, day 17) or 31000 (remainder). Scale bars are
approximately 20 mm.
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chromosome condensation and nuclear envelope break-
down. However, it is interesting that oocytes at similar
stages of oogenesis and diameter have different patterns of
PP1a localization dependent on age. For instance, intracel-
lular PP1a immunolocalized quite differently in oocytes
from secondary follicles at 11 days of age in comparison to
oocytes of similar diameter from secondary follicles at 15
and 17 days of age and adult mice stimulated with PMSG.
This may indicate that nuclear relocation of PP1a occurs
autonomously with respect to age, independent of follicular
development, and/or is influenced by yet unidentified au-
tocrine, paracrine, or endocrine factors that are present
from day 15 postpartum through puberty. In addition, this
may indicate that factors regulating meiotic competence
may be different with respect to chronological age, oocyte
growth and diameter, and follicular origin.
One of the major intracellular sites of PP2A localization
in somatic cells is in association with cytoskeletal compo-
nents such as microtubules, centrosomes, and mitotic
spindles (Van Dolah and Ramsdell, 1992; Sontag et al.,
1995; Huang et al., 1995; Friedman et al., 1996). This
targeting of PP2A to the cytoskeleton may account for
microtubule abnormalities following OA treatment of neu-
rons (Harris et al., 1993; Iqbal et al., 1994), kidney cells
(Vandre and Wills, 1992), CHO cells (Thyberg and
Moskaleski, 1992), and platelets (Yano et al., 1995). Al-
though mouse oocytes microinjected or cultured in OA
undergo enhanced GVB, these oocytes do not progress to
MII and they display microtubule aberrations (Gavin et al.,
1991; Alexandre et al., 1991). Monkey oocytes also show
abnormalities under continual OA treatment; however, we
have found that transient (10 min) OA treatment stimulates
the resumption of meiosis, and oocytes retain the ability to
develop to MII and fertilize (Smith et al., 1998). This is
similar to reports of OA effects on hepatocytes in which
long-term treatment caused abnormal cytoplasmic mor-
phology, yet short-term treatment (15 min) had no detri-
mental effect (Haystead et al., 1989). This may indicate that
while a decrease in PP1 and/or PP2A activity enhances the
process of GVB, a certain level of PP1 and/or PP2A activity
is necessary for normal meiotic spindle formation and
progression to MII. The localization of PP2A in oocyte
cytoplasm, in conjunction with evidence for the role of
PP2A and normal microtubule function during mitosis,
may indicate that PP2A is also involved with microtubule
dynamics during oocyte meiosis.
In summary, although mouse oocytes contain PP1a, PP1g,
and PP2A transcripts, only PP1a and PP2A proteins are
detectable. The differential localizations of PP1a (predomi-
nantly nuclear) and PP2A (predominantly cytoplasmic) may
be indicative of distinct regulatory roles in the resumption
of meiosis. During the time that mouse oocytes begin to
acquire GVB competence, there is a concomitant relocation
of PP1a from the cytoplasm into the nucleus, indicating
that this may be one of the regulatory mechanisms involved
in the transition from GVB incompetence to GVB compe-
tence.
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